In most human immunodeficiency virus type 1 (HIV-1)-infected individuals who achieve viral loads of <50 copies/ml during highly active antiretroviral therapy (HAART), low levels of plasma virus remain detectable for years by ultrasensitive methods. The relative contributions of ongoing virus replication and virus production from HIV-1 reservoirs to persistent low-level viremia during HAART remain controversial. HIV-1 vaccination of HAART-treated individuals provides a model for examining low-level viremia, as immunizations may facilitate virus replication and sequence evolution. In a phase 1 trial of modified vaccinia virus Ankara/fowlpox virus-based HIV-1 vaccines in 20 HIV-infected young adults receiving HAART, we assessed the prevalence of low-level viremia and sequence evolution, using ultrasensitive viral load (<6.5 copies/ml) and genotyping (five-copy sensitivity) assays. Viral evolution, consisting of new drug resistance mutations and novel amino acid changes within a relevant HLA-restricted allele (e.g., methionine, isoleucine, glutamine, or arginine for leucine at position 205 of RT), was found in 1 and 3 of 20 subjects, respectively. Sequence evolution was significantly correlated with levels of viremia of between 6.5 and <50 copies/ml (P ‫؍‬ 0.03) and was more likely to occur within epitopes presented by relevant HLA alleles (P < 0.001). These findings suggest that ongoing virus replication contributes to low-level viremia in patients on HAART and that this ongoing replication is subject to CD8
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we assessed the prevalence of low-level viremia and sequence evolution, using ultrasensitive viral load (<6.5 copies/ml) and genotyping (five-copy sensitivity) assays. Viral evolution, consisting of new drug resistance mutations and novel amino acid changes within a relevant HLA-restricted allele (e.g., methionine, isoleucine, glutamine, or arginine for leucine at position 205 of RT), was found in 1 and 3 of 20 subjects, respectively. Sequence evolution was significantly correlated with levels of viremia of between 6.5 and <50 copies/ml (P ‫؍‬ 0.03) and was more likely to occur within epitopes presented by relevant HLA alleles (P < 0.001). These findings suggest that ongoing virus replication contributes to low-level viremia in patients on HAART and that this ongoing replication is subject to CD8
؉ T-cell selective pressures.
Highly active antiretroviral therapy (HAART) inhibits human immunodeficiency virus type 1 (HIV-1) replication, decreasing plasma viremia below the detection limit (Ͻ50 copies/ ml) of clinically used viral load assays (32) . Most patients receiving standard HAART, however, have low levels of viremia (median, 3.1 copies/ml) detectable by more sensitive assays (11, 17, 22, 28, 31, 34) , the source of which remains unclear and controversial. Low-level viremia may arise from viral expression from cellular reservoirs established before HAART (2, 21-23, 25, 29, 31, 34, 46) or from low levels of complete cycles of virus replication (7, 46) . Evidence supporting the former includes the stable persistence of low-level viremia during long-term HAART (2, 11, 23, 25, 28, 31, 34) , intermingling of HIV-1 sequences from free plasma virus with persistent replication-competent viral sequences in resting memory CD4 ϩ T cells or proviral DNA in peripheral blood mononuclear cells (PBMC) (2, 23, 34, 46) , and a lack of decay in low-level viremia with treatment intensification of standard three-drug HAART regimens (10, 24) . The contribution of ongoing complete cycles of virus replication during long-term suppressive HAART is supported by findings of sequence evolution with new drugresistant variants in a subset of patients during seemingly effective HAART (7, 46) , decreases in plasma viremia with treatment intensification (22) , and transient increases in episomal cDNA following treatment intensification with an integrase inhibitor (6) . Quantitatively, the magnitude of residual viremia is directly correlated with pretherapy, steady-state plasma viral load and proviral DNA levels, in support of virus expression from chronically infected cells (28, 31) . Low-level viremia and even transient increases in viral loads to above 50 copies/ml (known as "blips") are often not directly associated with evolution of plasma virus (2, 25, 30, 33, 34) or with decreased effectiveness of the HAART regimen (21, 26, 28, 31) but may replenish latent reservoirs and therefore preclude viral clearance with HAART (38) .
Studies aimed at understanding the source(s) of residual viremia in patients on stable HAART have examined the effects of intensification of durable HAART regimens on viremia below 50 copies/ml (10, 22, 24) or on cell-associated forms of viral DNA (6) . In an earlier study, the addition of the reverse transcriptase (RT) inhibitor abacavir to a two-drug durable HAART regimen resulted in a lowering of residual viremia (22) . More recently, a study of treatment intensification of durable three-drug HAART regimens with protease inhibitors or nonnucleoside RT inhibitors (NNRTI) did not reduce residual viremia (10) . However, two studies of treatment intensification of three-drug HAART regimens with the integrase inhibitor raltegravir produced different findings. In one study, 30 days of raltegravir produced no detectable change in residual viremia, assessed using a single-copy viral load assay (24) . In a second study, however, intensification with raltegravir was associated with a transient increase in episomal viral cDNA at 2 weeks, suggesting de novo infection of and reverse transcription in susceptible target cells, although no change in total DNA burden was observed (6) . Thus, the question remains of whether ongoing low-level viremia during HAART is dominated by low-level virus release from latently infected cellular reservoirs, complete cycles of virus replication de novo in susceptible target cells, or both.
Therapeutic HIV-1 vaccines are being evaluated to boost HIV-1-specific immunity that wanes during HAART (12) . If successful, such immune boosting carries the promise of eventual treatment discontinuation, although that goal was tempered recently by findings of increased morbidity with treatment discontinuation (1, 8, 14, 15) . To our knowledge, there are no studies to date on the effects of HIV-1 vaccines on the frequency and evolution of low-level viremia in HAARTtreated patients.
We hypothesized that immune activation through HIV-1 vaccines may amplify low-level viremia and facilitate sequence evolution through enhanced virus expression from latently infected CD4 ϩ T cells (13, 19, 35) and by increasing target cell availability for virus replication (19) . We therefore examined the prevalence and sequence evolution of low-level viremia during a clinical trial of recombinant poxvirus vaccinations (modified vaccinia virus Ankara/fowlpox virus [MVA/FPV]) in infected young adults on durable suppressive HAART to investigate the dynamics of low-level viremia.
MATERIALS AND METHODS
Study cohort. The study cohort was described previously in a report detailing the safety and immunogenicity of the vaccine products (18) . Twenty HIV-1-infected young adults from 19 to 24 years of age (median age, 23 years) who were on HAART received up to four vaccinations while enrolled in a phase 1 clinical trial of MVA-and FPV-based HIV-1 vaccines containing gag, env, the RT gene, nef, tat, and rev (Pediatric AIDS Clinical Trials Group P1059) (18) . The MVA vaccinations were administered at weeks 0 and 4, and the FPV vaccine was administered at weeks 8 and 24. Plasma samples were collected for ultrasensitive HIV-1 load testing and genotyping at nine time points during the trial, including screening, entry, and weeks 2, 4, 6, 24, 26, 40, and 72. Ultrasensitive HIV-1 load and genotyping assays were part of the parent clinical trial and were included in the consent form approved by the institutional review boards at all sites enrolling subjects.
Sample preparation. Plasmas were separated from PBMC by centrifugation and were stored at Ϫ70°C until use. PBMC were isolated using Ficoll-Hypaque centrifugation, fractionated to enrich for resting CD4 ϩ T cells, and cultured at limiting dilutions, using previously published methods (42) . Individual HLA serotyping, gamma interferon (IFN-␥)-specific enzyme-linked immunospot (ELISPOT) assays, and CD4 lymphoproliferative response assays with cryopreserved PBMC were performed as previously described (18) . Quantitative assessment of low-level viremia. The viral load was quantified from 1 ml of plasma by use of a modified ultrasensitive RNA assay in which the limit of detection was further validated to detect viremia at 6.5 copies/ml instead of the previously reported limit of 12.5 copies/ml (36) .
Genotyping of HIV-1 RT during low-level viremia. HIV genotyping of RT from low-level viremia variants was performed using our previously published methods with a sensitivity of 5 copies/ml (25, 34) . Briefly, viral RNA was extracted from virions pelleted at 23,500 ϫ g for 2 h at 4°C from four 1-ml aliquots of thawed plasma, using a QIAamp viral RNA isolation kit (Qiagen, Valencia, CA). Following DNase treatment to ensure removal of cell-associated DNA (Invitrogen, Carlsbad, CA), eight independent one-step RT-PCRs were set up for the DNase-treated RNA, followed by a nested PCR with previously published primers (49) . The PCR products were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA) and directly sequenced bidirectionally using gene-specific primers.
Analysis of HIV-1 RT sequences. Sequences were aligned using Bioedit and cleaned using a previously published method (CleanCollapse [http://sray.med .som.jhmi.edu/SCRoftware/CleanCollapse]) that removes sporadic changes likely to represent PCR-induced errors (25) . Evolution has been reported to be overestimated systematically without such adjustments (44) .
Nonsynonymous substitutions at known drug resistance sites (Stanford HIV Drug Resistance Database [http://hivdb.stanford.edu]) were preserved, as were the novel changes detected at amino acid 205 of HIV-1 RT in the sequences amplified from episodes of low-level viremia after vaccination of four subjects. Using this approach, only four sporadic nonsynonymous substitutions were removed from the total data set of 209 sequences spanning amino acids 40 to 219 of HIV-1 RT. These sporadic changes, by definition, occurred only once in the data set; therefore, our estimates are lower bounds for evolution occurring in this cohort.
Phylogenetic analysis parameters were estimated using ModelTest, version 3.7 (37), and these parameters were used as input to PhyML, version 3.0, to generate maximum likelihood trees, using the SPR search option and starting from a BioNJ tree (20) . For bootstrap analysis, maximum likelihood trees were inferred from 1,000 permutations of the original data set. Genetic diversity in each plasma sampling from each subject was calculated by the Kimura 2 parameter distance model, using MEGA4 (45) . Nonsynonymous amino acid changes detected postvaccination within HIV-1 RT were also analyzed with respect to relevant HLArestricted CD8
ϩ T-cell epitopes in the Los Alamos Database (http://www.hiv.lanl .gov) for subjects who maintained suppression during the trial. The two substitutions observed at position 205 of HIV-1 RT (L205M/Q) at week 40 for the one subject who discontinued HAART at week 24 were also included in this analysis, since these mutations have not been reported previously for subtype B HIV-1 infection.
Analysis of CD4 ؉ T cells infected with replication-competent HIV-1. The frequencies of CD4 ϩ T cells carrying replication-competent virus and sequences of HIV-1 RT from replication-competent isolates were assessed using previously published methods (33) . Representative HIV-1 RT sequences from replicationcompetent clones recovered at the prevaccination visits were used to confirm the patient specificity of the HIV-1 RT sequences amplified during low-level viremia.
Immunogenicity studies. HLA serotypes, HIV-1-specific immune responses, and immune activation analyses were assessed as part of the parent trial, as previously described (18) . These measurements were used to examine potential immunological differences among subjects experiencing sequence evolution during the trial compared to those who did not.
Statistical analysis. Most analyses consist of descriptive summaries of the various measurements and changes from baseline in those values. The summaries are provided as medians and interquartile ranges (IQR), unless otherwise specified. The changes from prevaccination to subsequent weeks were tested using the Wilcoxon sign rank test. The proportion of subjects with low-level viremia above 6.5 copies/ml at each study visit was computed and compared to baseline by the McNemar test.
The study did not have a control group that did not receive vaccines. However, subjects were divided into several groups based on criteria specific to each data analysis. Exploratory data analyses were performed to compare groups with respect to raw data or changes from baseline. No adjustments for multiple comparisons were made. Differences in baseline levels of immune activation (percent CD8 ϩ CD38 ϩ HLA-DR ϩ T cells), frequencies and magnitudes of low-level viremia, and frequencies of resting CD4 ϩ T cells with replicationcompetent virus (infectious units per million) for subjects who had viremia genotypes versus those who did not were assessed using the Wilcoxon twosample test. Rates of viremic episodes of between 6.5 and 50 copies/ml postvaccination for subjects with and without sequence evolution in RT were compared using the Wilcoxon two-sample test. Similarly, the Wilcoxon two-sample test was used to compare the magnitudes of low-level viremia for subjects who were viremic above 6.5 copies/ml and of HIV-1 specific CD8
ϩ T-cell responses to Pol in the subjects experiencing HIV-1 RT sequence evolution to the same measurements for those with no evolution. The relationship between HIV-1 RT mutation events and HLA serotypes was assessed using a logistic model for the probability that mutations occupy epitopes recognized by HLA type (27) . For each individual, a measure of recognition capacity was computed as the number of (nonredundant) residues occupied by epitopes associated with the individual's HLA type, gathered from the Los Alamos HIV Immunology Database (http: //www.hiv.lanl.gov).
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been submitted to GenBank (accession numbers GQ424058 to GQ424103 and GQ428780 to GQ428988).
RESULTS
Study population. The demographics, antiretroviral treatment histories, and virologic data for the patients are summarized in Table 1 . The subjects received durable successful HAART for a median of 3.3 years (range, 0.6 to 6.4 years) before receipt of HIV-1 vaccines, and 11 of the 20 (55%) subjects controlled viremia on their first HAART regimen. As previously reported, 75% of the 20 participants acquired HIV-1 infection through high-risk behaviors, and the remainder acquired infection perinatally (18) . Three participants (patients 5, 11, and 15) developed rebound viremia during the trial; patients 5 and 15 rebounded due to discontinuation of their HAART regimens by the week 24 visit, and the third participant (patient 11) rebounded at week 60 while on HAART (18).
Prevalence of low-level viremia before and after recombinant HIV-1 poxvirus vaccination. We assessed the prevalence of low-level viremia pre-and post-HIV-1 vaccination in young adults with durable control of virus replication via HAART. Viral loads measured in the three subjects experiencing rebound viremia (subjects 5, 11, and 15) were excluded from analysis at the time of rebound and at subsequent time points. Nineteen of the 20 subjects had plasma samples analyzed at the two visits prior to HIV-1 vaccination. Low-level viremia at levels greater than 6.5 copies/ml was detected in 21% (4 of 19 samples) and 25% (5 of 20 samples) of the samples at the screening and entry visits, respectively. The nine episodes of detectable low-level viremia prevaccination were in seven participants, with two of the seven subjects having viremia detectable at both prevaccine visits (Table 2) .
Following vaccination, the prevalence of low-level viremia ranged from 12% (2/17 samples) at week 2 postvaccination to as high as 44% (8/18 samples) at the week 40 visit but did not differ significantly from that at study entry for each time point tested (P Ն 0.51) ( Table 2 ). The median viral load at study entry for the five subjects with detectable viremia of Ͼ6.5 copies/ml was 11 copies/ml (IQR, 7 to 15 copies/ml), and this value was 19 copies/ml for the time points with the highest median low-level viremia postvaccination (weeks 24 [IQR, 17 to 37 copies/ml], 26 [IQR, 11 to 27.5 copies/ml], and 72 [IQR, 11 to 42.5 copies/ml]).
Extent of recovery and sequence evolution of low-level viremia genotypes before and after recombinant HIV-1 poxvirus vaccination. Longitudinal analyses of low-level viremia genotypes were carried out to examine sequence evolution in plasma virus. Genotyping was performed on all available plasma samples (n ϭ 158 [88%]) from the 180 scheduled study visits. Eighty-nine percent of the 158 samples genotyped were from the 18 subjects who remained on HAART during the trial, 97% (137/141 samples) of whom had viral loads of Ͻ50 copies/ml at the time of genotyping. Low-level viremia genotypes were recovered from a median of 56% (range, 20 to 100%) of the time points analyzed, for 60% (12/20 subjects) of the study participants (Tables 1 and 2 ). For 8 of the 20 study subjects, 98% of the 61 plasma samples analyzed were negative. For one subject (subject 1), the plasma sample obtained at the last study visit at week 72 yielded genotypes (Tables 1 and  2 ). We were unable to identify any factors that may have contributed to the selective sequence amplification for 12 study subjects. The 8 subjects whose plasma samples were negative did not differ significantly at baseline from the 12 subjects with amplifiable genotypes with respect to median viral loads below 50 copies/ml, baseline frequencies of CD4 ϩ T cells harboring replication-competent HIV-1, levels of immune activation, or sequence variation at the primer binding site. Prior to vaccination, 3 of 15 (20%) plasma samples tested for the eight subjects with no amplifiable genotypes were positive for viral loads of Ͼ6.5 copies/ml, compared to 6 of 24 (25%) samples from the 12 subjects with amplifiable genotypes. The median viral load at study entry was Ͻ6.5 copies/ml for both groups (IQR, Ͻ6.5 to Ͻ6.5 copies/ml and Ͻ6.5 to 7.0 copies/ml, respectively [P ϭ 0.39]). The median frequencies of latently infected CD4
ϩ T cells were 0.2 (IQR, 0.1 to 0.2) and 0.3 (IQR, 0.1 to 1.1), respectively (P ϭ 0.33), and the median percentages of CD8 ϩ CD38 ϩ HLA-DR ϩ T cells were 18% (IQR, 14 to 25%) and 29% (IQR, 18 to 33%) (P ϭ 0.19) for the subjects with and without amplifiable low-level viremia genotypes, respectively. Analysis of HIV-1 RT sequences derived from replication-competent viral clones cultured at the prevaccine time points showed that only one subject (subject 2) ( Table 2) had a substitution at the 3Ј end that may have affected binding of the primers used for reverse transcription (data not shown). Together, these data argue against differences in baseline levels of cell-associated, replication-competent infection, immune activation, or residual viremia that may influence the level of viral expression from persistently infected cells or the potency of inhibition below 50 copies/ml. Alternatively, this selective amplification may represent the stochastic nature of amplification near the limit of detection.
Eleven of the 12 study participants with amplifiable genotypes at more than one time point postvaccination also had genotypes recovered prevaccination. Phylogenetic analysis demonstrated patient-specific clustering of plasma genotypes and commingling with corresponding replication-competent clones recovered prevaccination. (This was also the case for the one subject [subject 1] who had genotypes amplified only at the last study visit, at week 72 [ Fig. 1 ].) For 6 of these 11 (54.5%) subjects (subjects 4, 7, 8, 9, 12, and 17), postvaccination HIV RT sequences were identical to the prevaccine sequences, which persisted for a median of 28 weeks (range, 8 to 74 weeks), consistent with long-term persistence of a dominant plasma sequence in low-level viremia during HAART (Fig. 1) . In three of these six subjects (subjects 7, 8, and 12), the persistent plasma sequence shared sequence identity with replication-competent virus cultured from resting CD4 ϩ T cells at study entry (Fig. 1) , in contrast to one other report that persistent plasma sequences in low-level viremia are genetically distinct from proviral DNA sequences in resting CD4 ϩ T cells (2). Evolution of the plasma sequence was observed during the study for four subjects. New drug resistance mutations occurring in low-level viremia during the nevirapine-based HAART regimen were observed in one subject (subject 8). Multiple unique amino acid substitutions in HIV-1 RT position 205 were seen at week 40 for three subjects (subjects 7, 11, and 17). Viral variants substituted at HIV-1 RT position 205 were also transiently detected at week 40 during rebound viremia in a fourth subject who discontinued HAART (subject 15) (Fig. 1  and Fig. 2 ).
In the one subject (subject 8) who developed new NNRTI resistance mutations through sequence evolution, the V108I mutation was first detected 4 weeks after receipt of the first MVA vaccination. Additional NNRTI resistance mutations (K103N and V106A) were also detected in low-level viremia at the week 6 visit following the second vaccine dose ( Fig. 1 and  2 ). The presence of new NNRTI-resistant variants was not associated with breakthrough viremia in this subject, despite a regimen of nevirapine-based HAART. In fact, prevaccine wildtype low-level viremia was maintained at all subsequent postvaccination visits (weeks 24, 26, 40, and 72, when the viral load was 172 copies/ml) (Fig. 1) . In this subject, another amino acid change reported to confer decreased susceptibility to NNRTIs (I135T) (5) was first detected in low-level viremia linked to the V108I mutation at the week 4 visit and subsequently fixed in the low-level viremia through the last study visit at week 72 (Fig. 2) . In addition to being associated with decreased susceptibility to NNRTIs, the I135T mutation is also reported to reside within an epitope presented by a relevant host HLA allele (http://www.hiv.lanl.gov).
Preexisting NNRTI drug resistance mutations in low-level viremia were also detected in subject 4, who was on a primary nevirapine-based HAART regimen. In this subject, all four sequences amplified at the two prevaccine visits contained the substitution Y188C, which confers intermediate to high-level nevirapine resistance (Stanford HIV Drug Resistance Database [http://hivdb.stanford.edu]). The Y188C variant remained detectable at weeks 4 and 6 postvaccination but was not associated with breakthrough viremia following HIV-1 vaccinations (Fig. 1) . This subject maintained plasma viremia at Ͻ50 copies/ml throughout the study, and no additional plasma sequences were amplified at study visits from week 24 through week 72.
Unique nonsynonymous or amino acid-changing substitutions which were not previously described for subtype B HIV ) were detected in four study participants (subjects 7, 11, 15, and 17) ( Fig. 1 and  2 ; Table 2 ). For all four subjects, these mutations were detected at the week 40 visit (Fig. 1) . For three of the four subjects, the nonsynonymous changes were detected at viral loads of Ͻ50 copies/ml, and for one subject (subject 15) they were detected during rebound viremia following HAART discontinuation. A leucine-to-methionine (L205M) substitution was most common and was found in all four subjects (11/15 sequences) (Fig. 2) . For two subjects (subjects 7 and 15), L205I/R/Q substitutions were also detected, suggesting immunologic pressure at this site. One subject developed rebound viremia while on HAART (18) . In this one perinatally infected subject (subject 11), rebound viremia developed at week 60, despite no reported change in HAART adherence. A time-dependent shift in lowlevel viremia genotypes with a decrease in viral diversity was observed as early as week 6 following vaccination (Fig. 1) . For this subject, a 3.5-fold increase in HIV-1-specific CD8 ϩ T-cell responses to HIV-1 Pol was detected at the same time (week 6 following MVA vaccinations) (see Fig. 4 ). These responses were also sustained above baseline levels (sevenfold) at week 26 following the fourth vaccine dose and preceded the amino acid substitution at position 205 of HIV-1 RT (L205M). Moreover, the L205M substitution was detected in multiple viral lineages ( Fig. 1 and Fig. 2 ) at week 40, suggestive of vaccineinduced responses contributing to selection and possible immune escape before viral breakthrough at week 60.
Association of HIV-1 sequence evolution during recombinant poxvirus vaccinations with frequency of episodes of viremia below 50 copies/ml and with HIV-1-specific immune responses. Given that significant increases in HIV-1-specific CD8 ϩ T-cell responses to Pol were detected postvaccination among the study participants (18), we analyzed the low-viremia genotypes for nonsynonymous substitutions within relevant (Table 3) . Of these 45 substitutions, 56% (25/45 changes) occurred within defined CD8 ϩ T-cell RT epitopes, and 56% of these (14/25 changes) were in HLA-A*02 epitopes. Using logistic regression modeling for correlated binary responses (27) , we found that nonsynonymous mutations in HLA epitopes were significantly more likely to occur among individuals with the restricting HLA alleles (P Ͻ 0.001) ( Table 3) .
To explore whether substitutions at position 205 were associated with decreased epitope recognition due to CD8 ϩ T-cell escape, we compared recognition of the HIV-1 RT HLA-A*02 KIEELRQHL wild-type epitope to that of an autologous L205M mutant peptide in IFN-␥ ELISPOT assays. However, none of the four subjects demonstrated postimmunization responses to wild-type or mutant peptides above background levels with a control peptide (an HLA-A*02-restricted epitope in human T-cell leukemia virus type 1 Tax) (data not shown).
The five subjects whose data are depicted in Fig. 2 had evidence of either new drug resistance or unique amino acid substitutions in the RT region not appearing in the nearly 914 subtype B sequences in the Los Alamos HIV Sequence Database. Because one of these subjects (subject 15) discontinued HAART and had levels of viremia increasing to Ͼ1,000 copies/ ml, pre-and postvaccination viremia levels for the four remaining subjects (subjects 7, 8, 11, and 17) with unexpected sequence evolution were compared to those for the six subjects with no sequence evolution (subjects 4, 9, 12, 13, 16, and 19) . For this analysis, rates of quantifiable viremia pre-and post- Not associated NA a HLA serotypes of study subjects with nonsynonymous changes within the relevant HLA epitopes postvaccination. b CD8 ϩ T-cell epitopes in HIV-1 RT encompassing the observed nonsynonymous substitutions, as defined in the Los Alamos HIV Immunology Database (http://www.hiv.lanl.gov/content/index). Substitutions at reference sites are underlined; those in the four subjects experiencing sequence evolution are also shown in bold. To reduce redundancy, overlapping peptides were combined into one sequence. NA, not applicable; indicates a substitution in a region not likely recognized by the subject's HLA serotypes.
c New drug resistance mutations or novel changes at amino acid position 205 of RT. d Preexisting substitutions relative to consensus HIV-1 RT sequences.
vaccination were calculated for each subject by dividing the number of viremic episodes above 6.5 but below 50 copies/ml by the numbers of visits pre-and postvaccination, respectively, at which viremia was measured. Since blood samples were obtained immediately before vaccine administration, the visit at study entry (week 0) was a prevaccine visit. For the four subjects with sequence evolution, 26 postvaccination visits (median, 6.5 per subject) produced quantifiable low-level viremia, while 41 visits (median, 7 per subject) produced quantifiable viremia for the six subjects without sequence evolution ( Table 2 ). The median rate of quantifiable viremia did not change significantly for each group pre-and postvaccination (P ϭ 0.1 for subjects experiencing evolution and 0.81 for those who did not), but rates were significantly greater for subjects experiencing sequence evolution than for subjects who did not. The rate of quantifiable viremia postvaccination was 54% (IQR, 39 to 62%) for those experiencing evolution versus 14% (IQR, 14 to 29%) for those who did not (P ϭ 0.03) (Fig. 3) . However, this did not reflect a change from prevaccination frequencies for these subjects. Prevaccination, 50% of the 8 samples from the subjects experiencing evolution were viremic, compared to 17% of 12 samples from subjects not experiencing evolution. The median change in the rate of quantifiable viremia pre-and postvaccination was Ϫ2.4% (IQR, Ϫ38.1% to 39.3%) (P ϭ 1.0) for subjects experiencing evolution and 7.1% (IQR, Ϫ16.7% to 14.3%) (P ϭ 0.81) for those who did not. When only the highest viral load postvaccination was considered for each subject, median viral loads were 21.5 copies/ml (IQR, 13.0 to 37.5 copies/ml) and 16.0 copies/ml (IQR, 10.0 to 37.0 copies/ml) for those with evolution and those without, respectively (P ϭ 0.92).
We compared HIV-1-specific CD8 ϩ T-cell responses to Pol (defined as the sum of responses to the Pol1, Pol2, and Pol3 peptides spanning amino acids 1 to 556 of HIV-1 Pol) (18) for the four subjects experiencing RT sequence evolution with those for subjects with no evolution. For this analysis, which was not adjusted for multiple comparisons, the median and IQR for the HIV-1 Pol responses for the two groups were compared at weeks 0, 6, and either 24 or 26. At baseline, the median HIV-1-specific CD8 ϩ T-cell response to Pol was 547.3 spot-forming units (SFC) per million PBMC (IQR, 315.5 to 759 SFC/million PBMC) for those experiencing sequence evolution, compared to 376 SFC/million PBMC (IQR, 140.5 to 692.5 SFC/million PBMC) for those with no evolution, and these were not statistically different (P ϭ 0.75). At week 6, the median changes from baseline were similar for those with and without HIV-1 RT sequence evolution (P ϭ 0.75) (Fig. 4) , but at week 24 or 26, the median change was 365.5 SFC/ million   FIG. 3 . Frequency of episodes of low-level viremia above 6.5 copies/ml for the subjects experiencing sequence evolution (n ϭ 4) at viral loads of Ͻ50 copies/ml compared to the frequency for those who did not (no evolution) following HIV-1 recombinant poxvirus vaccinations. Sequence evolution was defined as either new drug resistance mutations (subject 8) or novel changes at amino acid position 205 of HIV-1 RT while still being suppressed on HAART (subjects 7, 11, and 17). The one subject (subject 15) who also developed substitutions at amino acid position 205 of RT at week 40 in rebounding virus was excluded from this analysis. Median values and IQR are indicated.
FIG. 4. Changes from baseline in HIV-1-specific CD8
ϩ IFN-␥ ELISPOT responses to overlapping peptides spanning amino acids 1 to 556 of HIV-1 Pol at weeks 6 and 24 or 26 for the subjects experiencing sequence evolution in low-level viremia compared to those without detectable sequence evolution. The one subject (subject 15) who also developed substitutions at amino acid position 205 at week 40 in rebounding virus was excluded from this analysis. One subject (subject 8) did not receive any additional vaccine doses after week 4 and therefore did not have immune studies performed at week 24 or 26 of the study. The colored dots indicate individual subject data. The black symbols represent data from the one subject (subject 11) who developed rebound viremia during the trial while still on HAART.
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ONGOING HIV-1 REPLICATION IN RESIDUAL VIREMIA 9739 PBMC (IQR, 183 to 3,400 SFC/million PBMC) for the three subjects who experienced evolution and also received at least one FPV booster dose and Ϫ69.3 SFC/million PBMC (IQR, Ϫ291 to 87.5 SFC/million PBMC) for the six subjects not experiencing evolution (P ϭ 0.09) (Fig. 4) . Notably, the one subject (subject 11) who failed to maintain suppression of virus replication while on HAART also experienced sustained increases in HIV-1-specific CD8 ϩ T-cell responses to Pol peptides postvaccination (Fig. 4) . Furthermore, in this subject, a decrease in viral diversity was observed during low-level viremia by week 24 postvaccination and prior to viral rebound at week 60. At screening and at entry, prevaccine low-level viremia diversity levels were 0.026 and 0.027, respectively, and remained high through week 6 of the study (0.031), after which diversity levels decreased to 0.005, 0.01, 0.02, and 0.00 at weeks 24, 26, 40, and 72, respectively (Fig. 1) .
DISCUSSION
The pathogenesis of persistent low-level viremia in patients on HAART is unclear, but it is important to understand to improve control of viral replication in patients on long-term HAART. Evidence exists for both ongoing virus expression from latent cellular reservoirs (or drug sanctuary sites) (2, 10, 21-23, 25, 26, 29, 31, 34, 46) and low-level virus replication during HAART (6, 7, 22, 46) . While these two mechanisms may not be mutually exclusive, it is likely that interpatient differences in the potency of suppression of virus replication below 50 copies/ml shift the contributions of virus release from long-lived infected cells and complete cycles of replication to sustaining residual viremia in the context of HIV-1 immunizations.
In this first study to examine serially the effects of immune activation with recombinant MVA/FPV-based HIV-1 vaccinations on low-level viremia in HAART-treated patients, we found evidence for both complete cycles of virus replication, with sequence evolution, in a subset of patients receiving durable successful HAART (current clinical criterion of a plasma viral load of Ͻ50 copies/ml) and virus expression from a latent reservoir. In particular, sequence evolution in free plasma virus was significantly more likely to occur within relevant CD8 ϩ T-cell epitopes of HIV-1 RT and consisted of novel amino acid changes at a non-drug-resistance site, position 205 of HIV-1 RT, as well as new relevant drug resistance mutations. Furthermore, we found that sequence evolution following HIV-1 vaccinations was significantly associated with more episodes of quantifiable low-level viremia, suggesting ongoing cycles of virus replication that may be amenable to CD8 ϩ T-cell selective pressures. At baseline, the subjects were heterogeneous with respect to the predicted potency of their HAART regimens (41) and the presence of drug resistance mutations, but their respective HAART regimens had controlled plasma viremia to clinically undetectable levels for years before study entry. Furthermore, plasma viral loads remained low postvaccination even in the presence of relevant new drug resistance mutations or evidence of sequence evolution at non-drug-resistance sites during low-level viremia, except for in one subject. Importantly, for most subjects in this study, administration of MVA/FPV HIV-1 therapeutic vaccines was not associated with temporal shifts or sequence changes within persistent wild-type or drug-resistant plasma viral sequences in very low viremia or with new drug resistance mutations for up to 18 months postvaccination. The 40% of study participants without amplifiable variants prevaccination also did not have amplifiable genotypes postvaccination and thus did not provide evidence of either enhanced virus production or replication following HIV-1 vaccination. Virus replication was even controlled for the individuals for whom NNRTI-resistant variants were detected postvaccination, despite their remaining on the same nevirapine-based HAART regimen as that at study entry. While they are important for the safety profile of these vaccines (18), these observations also support the clinical significance of HAART to limit HIV-1 replication in most patients. In particular, the current clinical criterion of Ͻ50 copies/ml indicates that HAART has significantly reduced the effective virus population size, thereby slowing virus replication and sequence evolution in most individuals (39) .
Because recent studies of treatment intensification have shown variable effects on low-level viremia (6, 10, 22, 24) , study-to-study variation in the baseline level of viremia must be considered. In one study, baseline viremia was quite low, at 1 to 2 copies/ml, most likely reflecting the potency of the regimen, and no evidence of additional suppression was generated by the addition of raltegravir (24) . In contrast, abacavir intensification of an efavirenz and indinavir two-drug regimen in subjects with a baseline viral load of 10 copies/ml produced a lowering of the viral load to Ͻ2.5 copies/ml (22) . Our data demonstrate discernible sequence evolution in HAART-suppressed subjects experiencing low-level viremia of Ͼ6.5 copies/ ml. Together, these findings suggest that a threshold level of viremia below 50 copies/ml may exist, above which productive infection may be a greater contributor to sustained viremia than low-level virus release from long-lived cellular reservoirs. Under this model, the sequence evolution we observed during therapeutic HIV-1 poxvirus vaccination, in or near epitopes recognizable based on HLA serotypes, would be facilitated by steady-state, low-level, productive infection. To test this will require further study of patients receiving newer, more potent HAART regimens than those used by the subjects in our study. Nevertheless, the data suggest that the current therapeutic target of control of viremia to Ͻ50 copies/ml, while clinically meaningful, is insufficient for distinguishing contributions of low-level virus expression from those of productive infection. A new therapeutic target for viremia may be necessary for clinical trials assessing HIV-1 treatment approaches involving newer drug combinations, therapeutic vaccinations, or treatment intensification and deintensification strategies.
Among nonimmunized individuals, substitution at position 205 of HIV-1 RT is exceedingly rare, appearing in only a single HIV-1 subtype C isolate (L205S) among 914 HIV-1 sequences in the Los Alamos HIV Sequence Database (http://www.hiv .lanl.gov). Amino acid position 205 of HIV-1 RT lies within an HLA-A*02 cytotoxic T-lymphocyte epitope, KIEELRQHL (48) , and three of four subjects with L205 changes were HLA-A*02 positive (subjects 7, 15, and 17) in our study. While the fourth (subject 11) was HLA-A*6801 and -A*3001 positive, and not HLA-A*02 positive, the L205M substitution was also flanked by HLA-A*68 (FTTPDKKHQK) (9) and HLA-A*03 (DLEIGQHRTK) (48) epitopes. It is notable that HLA-A*6801 could share binding to these regions as an A*03 su-pertype (Fig. 2) . Additionally, in the one subject (subject 8) who developed new drug resistance mutations in low-level viremia postvaccination, the first NNRTI resistance mutation detected (V108I) lay within an HLA-A*02-restricted epitope (VLDVGDAYFSV) (47) that was linked to an isoleucine-tothreonine substitution at amino acid position 135 of HIV-1 RT (I135T), known to confer decreased susceptibility to NNRTI (5). This substitution also represents an amino acid change within relevant HLA-A*02 and -B*51 epitopes (KYTAFTIPSI and TAFTIPSI, respectively) (40, 43) for this individual, who was indeed HLA-A*02 and -B*51 positive (Fig. 2) . While the NNRTI resistance mutations were transient, the I135T substitution became fixed and persisted through week 72 of the trial, suggesting selection due to either immune or drug pressure. Moreover, in the one subject who developed rebound viremia while on HAART, decreasing sequence diversity in low-level viremia was associated with sustained CD8 ϩ T-cell responses to HIV-1 Pol postvaccination, also suggesting specific HIV-1 immune selective pressure on residual replication during HAART. This idea is supported by reports of selection of immunity-escaping HIV-1 variants at clinically undetectable viral loads in long-term nonprogressors (4, 16) .
Together, these findings imply that viral populations replicating at low levels may be targeted by HIV-1-specific immune responses in HAART-treated patients. We were unable to demonstrate that CD8 ϩ T-cell responses to the peptide containing position 205 of HIV-1 RT were responsible for sequence evolution, though a finely detailed analysis of CD8 This study has some limitations. These include restriction of genetic analysis to the HIV-1 RT region, the sensitivities of the low-level viremia genotyping and viral load assays, the lack of a placebo group to fully assess sequence evolution at viremia levels of Ͻ50 copies/ml within HLA-restricted CD8 ϩ T-cell epitopes, and the small study population. Nevertheless, we identified in vivo selection and convergent sequence evolution associated with novel mutations within HLA epitopes in residual viremia among a subset of individuals receiving recombinant HIV-1 MVA/FPV vaccinations who had viral loads of Ͻ50 copies/ml on durable successful HAART. Moreover, this selection occurred in association with higher frequencies of episodes of low-level viremia above 6.5 copies/ml. The data support contributions of both low-level virus release (2, 10, 24, 28, 31, 34, 46) and productive infection (6, 22, 46) , which suggests that a low-level threshold may exist where the balance shifts for these two contributors. Although reinforcing the benefits of HAART suppression of viremia levels of Ͻ50 copies/ml, this potential model suggests that a new therapeutic target for viremia may be necessary for clinical trials assessing newer treatment approaches for HIV-1, including vaccines. Furthermore, the potential for virus replication and sequence evolution within epitopes presented by relevant HLA sites observed in this study has implications for therapeutic HIV-1 vaccines. Both of these implications warrant further study. HD-3-3345) , and by the Pediatric AIDS Clinical Trials Group (PACTG) (group 1059). The study on virus evolution in low-level viremia was supported by NIAID grants R01 A155312 and R01 A1062446, awarded to D. Persaud. Immunology studies were supported by an IMPAACT Immunology Laboratory grant and NIAID grant RO1 32391 to K. Luzuriaga.
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